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Although apoptosis and necrosis have distinct features, the identification and discrimination of apoptotic
and necrotic cell death in vitro is challenging. Immunocytological and biochemical assays represent the
current gold standard for monitoring cell death pathways; however, these standard assays are invasive,
render large numbers of cells and impede continuous monitoring experiments. In this study, both room
temperature (RT)-induced apoptosis and heat-triggered necrosis were analyzed in individual Saos-2 and
SW-1353 cells by utilizing Raman microspectroscopy. A targeted analysis of defined cell death modalities,
including early and late apoptosis as well as necrosis, was facilitated based on the combination of Raman
spectroscopy with fluorescence microscopy. Spectral shifts were identified in the two cell lines that reflect
biochemical changes specific for either RT-induced apoptosis or heat-mediated necrosis. A supervised
classification model specified apoptotic and necrotic cell death based on single cell Raman spectra. To
conclude, Raman spectroscopy allows a non-invasive, continuous monitoring of cell death, which may help
shedding new light on complex pathophysiological or drug-induced cell death processes.

poptotic cell death is a highly regulated process that is characterized by stereotypical morphological

changes of the cellular architecture'. Cell shrinkage, plasma membrane blebbing, cell detachment, exter-

nalization of phosphatidylserine, nuclear condensation and ultimately DNA fragmentation are well-
described features of apoptosis'. Activated caspases 3 and 6 have been identified as key regulator enzymes that
mediate these morphological apoptotic hallmarks'. The frequency of apoptosis-specific molecules is particularly
highly dependent on the type of apoptotic stimulus, time-point of analysis as well as the cell type’. Cell popula-
tions that potentially contain viable or necrotic cells as well as apoptotic cells cannot be distinguished by standard
bulk techniques such as DNA-electrophoresis, Western Blot or colorimetric enzyme assays. Therefore, a detailed
analysis of apoptotic cell death requires a series of different assays®*; however, these assays depend upon large
numbers of cells and are unable to probe individual apoptotic cells®. Flow cytometry and fluorescence microscopy
are alternative techniques for investigating heterogeneous cell populations. Utilization of propidium iodide (PI)
and fluorescein isothiocyanate (FITC)-conjugated Annexin V (Annexin V-FITC) is a standard procedure to
monitor the progression of apoptosis. Early apoptotic cells are Annexin V-positive and PI-negative (Annexin V-
FITC*/PI"), whereas late (end-stage) apoptotic cells are Annexin V/PI-double-positive (Annexin V-FITC"/
PI*)’. However, to verify the stages of apoptosis, time-course analyses and additional methods such as caspase
assays are necessary>>°. Moreover, this method cannot discriminate between late apoptotic and primary necrotic
cells, since both of these groups of cells are Annexin V-FITC"/PI". Other staining approaches use fluorescence-
conjugated antibodies, which specifically bind to intracellular apoptotic markers. These tests require cell fixation
and permeabilization; therefore a real-time monitoring of apoptotic processes is not possible. Fluorescent dyes
that are suitable for live cell imaging are often associated with insufficient photostability and cytotoxic effects, or
they interfere with the apoptotic machinery®.

Raman spectroscopy is an optical, marker-free technology that allows the continuous analysis of dynamic
death events in single cells by investigating the overall molecular constitutions of individual cells within their
physiological environment. Interestingly, this technology is not dependent on defined cellular markers and can be
adapted for heterogeneous cell populations’. In Raman spectroscopy, rare events of inelastic light scattering occur
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on molecular bonds due to the excitation with monochromatic light
and generate a fingerprint spectrum of the investigated specimens®’.
Although the effect of Raman scattering is weak, the presence of
water does not impact Raman spectra, enabling the examination of
native biological samples without the need for fixation or embedding
procedures, making the technique superior to infrared spectroscopy.
Raman spectroscopic systems are mainly composed of a light source,
which is typically a laser that is connected to optical filters, a spectral
grating and a detector'’. The implementation of near-infrared lasers
for Raman spectroscopy allowed the characterization of living cells
without triggering photo-induced cellular damage''. Coupling of the
Raman system to a conventional microscope enabled a combination
of morphological and fluorescence screening and allowed spatially-
resolved analyses'>. Using such systems, Notingher et al. investigated
the impact of Triton-X100, ricin and sulphor-mustard on A549 lung
epithelial cells'>'. Single cell Raman spectra showed incremental
spectral changes dependent on the incubation time of the toxic
agents, indicating that death modalities such as apoptosis and nec-
rosis were reflected by specific peak shifts'®. Etoposide, which is
known to trigger apoptotic cell death, induced a decrease of DNA,
RNA and protein bands in Raman spectra of A549 cells'™.
Kunaparedy et al. exposed a melanoma cell line to oxygen-glucose
deprivation and found significant changes in DNA, RNA and protein
bands in Raman spectra of these cells. It was concluded that these
changes indicate necrotic cell death'®. In K562 leukemia cells, apop-
tosis was induced by adding Triton-X100 and necrosis was mediated
by cytosine arabinoside treatment. The resulting Raman spectra of
viable, apoptotic and necrotic K562 leukemia cells were distin-
guished by employing principal component analysis (PCA) and
other multivariate methods". A support vector machine (SVM)
model was shown to be a powerful approach to classify spectra to
predefined categories of cell death'.

In this study, Raman microspectroscopy was utilized to identify
room temperature (RT)-induced early and late apoptotic events in
two sarcoma cell lines - Saos-2 and SW-1353 cells. In addition, we
investigated the possibility to also diagnose primary heat-mediated
necrosis in these cells. A routine fluorescence staining approach was
chosen to detect cell viability as well as different apoptotic stages
using Annexin V-FITC and PI. The combination of Raman spec-
troscopy with conventional fluorescence microscopy allowed the
identification of individual viable, early and late apoptotic cells. By
correlating the acquired fluorescence images of individual cells to
their Raman spectra, we demonstrated that even early apoptotic
events are detectable by Raman spectroscopy. Based on fluorescence
images and multivariate data analysis, the validation of spectral pat-
terns of viable, apoptotic and primary necrotic cells was accomp-
lished. Consistent spectral shifts that featured either RT-induced
apoptosis or heat-mediated primary necrosis were identified in both
cell lines. Our findings suggest that Raman microspectroscopy is a
powerful single cell analysis platform to detect and discriminate
apoptotic and necrotic cell death.

Results

Induction of apoptosis and primary necrosis in Saos-2 and SW-
1353 cells. To avoid dose- and time-dependent adverse effects of
chemical agents and their possible ambiguous induction of death
pathways®, exposure to RT has been described as valid method to
induce caspase-dependent apoptotic cell death in several cell
lines**?'. In this study, Saos-2 and SW-1353 cells were exposed to
RT for four to seven days to induce apoptosis. We determined
significantly increased activities of caspases 3 and 6 after four days
at RT in Saos-2 cells and after five days in SW-1353 cells. Caspase
activities further increased in both cell lines when exposure to RT was
continued (Figure 1a and b).

To determine the percentage of early and late apoptotic cells in
RT-exposed cultures, conventional flow cytometry was performed

using Annexin V-FITC and PI. Viable cells remained unstained
(Annexin V-FITC™/PI"). Early apoptotic cells showed Annexin V-
FITC*/PI™ staining patterns; whereas late apoptotic cells exhibited
Annexin V-FITC*/PI* staining patterns due to a loss of plasma
membrane integrity*>*>*’. In non-treated control cultures, 6% of the
Saos-2 cells and 14% of the SW-1353 cells were Annexin V-FITC*/
PI~; whereas 2% of the Saos-2 cells and 11% of the SW-1353 cells
were Annexin V-FITC*/PI* (Supplemental Figure S1). After four
days of exposure to RT, a significant increase of early and late apop-
totic cells was identified within both Saos-2 and SW-1353 cell popu-
lations (Figure 1c, d). 38% of the Saos-2 cells and 62% of the SW-1353
cells were Annexin V-FITC*/PI~, and 59% of the Saos-2 cells and
29% of the SW-1353 cells were Annexin V-FITC*/PI*. In contrast,
after induction of heat-triggered necrosis, 97% of the Saos-2 cells and
60% of the SW-1353 cells exhibited strong PI staining (Figure le and
f), which identifies primary necrotic cells**. Due to extensive mem-
brane rupture, 85% of the Saos-2 and 52% of the SW-1353 cells
expressed also Annexin V, a phenomenon which was seen by others
before®.

Cellular death events define the Raman spectral fingerprint. As
shown by Annexin V and PI staining, heterogeneous cell populations
that included viable and dead cells were present after inducing
apoptosis by exposure to RT as well as after inducing necrosis by
exposure to high temperatures. To selectively collect and analyze
Raman spectra of viable cells (Annexin V-FITC™/PI” population),
early apoptotic cells (Annexin V-FITC*/PI7), late apoptotic cells
(Annexin V-FITC*/PI") and heat-treated primary necrotic cells
(Annexin V-FITC*/PI*), spectral acquisition and fluorescence
imaging was combined. Raman spectroscopy and imaging of Anne-
xin V-FITC and PI fluorescence were conducted simultaneously on
stained cells using our custom-built Raman microspectrometer
system®*>~*%. Cellular uptake of the fluorescent dyes did not impact
the Raman spectral profiles (Supplemental Figure S2). Viable, non-
stained Saos-2 cells exhibited a Raman spectral signature with a
defined peak pattern displaying a biochemical cellular fingerprint
that is composed of complex overlapping signals from proteins,
nucleic acids, lipids and carbohydrates (Figure 2a)*'*'*. Raman
spectra of early apoptotic Annexin V-FITC*/PI~ Saos-2 cells fea-
tured a new Raman band at 1375 cm™' (Figure 2b, Supplemental
Figure S3). This signal became more prominent in spectra of late
apoptotic Saos-2 cells. Moreover, late apoptotic Saos-2 cells exhibited
considerable decreasing relative spectral intensities when compared
to viable cells, particularly observable at the Raman shifts 1003 cm™
and 1450 cm™' (Figure 2¢, Supplemental Figure S3). Raman spectra
of heat-treated necrotic Annexin V-FITC*/PI* Saos-2 cells exhibited
an increasing relative intensity at 1003 cm™'. Furthermore, the
amide I peak, which was at the position 1658 cm™" in viable and
apoptotic cells, was shifted in necrotic cells. This shift is related to a
higher intensity at the 1658 cm™' signal in viable cells when
compared to necrotic cells (Figure 2d, Supplemental Figure S3).
Higher standard deviations were detected for the Raman band at
780-800 cm™' in both apoptotic and necrotic Saos-2 cells. In
addition, all treated Saos-2 cells showed a diminishing peak at
1052 cm™' (Supplemental Figure S3).

A complex composition of intracellular molecules formed the cell-
specific Raman fingerprint of viable SW-1353 cells (Figure 3a)*'>'.
When SW-1353 cells entered the apoptotic pathway as identified by
Annexin V-FITC expression, spectral signals within this fingerprint
were altered. In detail, the Raman signal at 1375 cm™" increased
significantly due to early apoptosis in SW-1353 cells (Figure 3b,
Supplemental Figure S4). Late apoptotic SW-1353 cells showed
decreasing peaks at 1003 cm ™' and 1658 cm ™' when compared to
viable SW-1353 cells (Figure 4c, Supplemental Figure S4). Raman
spectra of heat-treated necrotic Annexin V-FITC*/PI* SW-1353
cells featured an increasing Raman signal at 1375 cm™
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Figure 1 | Verification of apoptotic and necrotic cell death using standard methods. (a), (b) After exposure to room temperature (RT), activities of
caspase 3 and caspase 6 are determined in (a) Saos-2 and (b) SW-1353-cells (n = 3, * P < 0.05 compared to non-treated control). (c—f) Flow cytometric
analysis of Annexin V/PI-stained, apoptotic (c) Saos-2 and (d) SW-1353 cells as well as heat shock-treated necrotic (e) Saos-2 and (f) SW-1353 cells

(n = 1) after four days at RT.

(Supplemental Figure S4). A shift of the Raman band at 1658 cm™
was detected in necrotic SW-1353 cells (Figure 3d, Supplemental
Figure S4). Consistent with the Raman spectra measured from col-
lapsing Saos-2 cells, the peak at 1052 cm ™' was neither detected in
apoptotic nor necrotic SW-1353 cells (Supplemental Figure S4).

Multivariate scores of Raman spectra reflect the modality and the
stages of cell death. Analysis of single peak intensities is not
sufficient to resolve complex spectral peak shifts. For this purpose,
PCA was employed. PCA is a powerful multivariate analytical
approach to reveal spectroscopic variations and peak correlations
by calculating principal components (PCs), which dissolve the
variances within the spectral data set*’. Related to these PCs,
individual Raman spectra are described by few score values®.
Raman spectra of viable Saos-2 or SW-1353 cells and their
respective early apoptotic, late apoptotic or necrotic derivatives
were subsequently analyzed by PCA. Score values were used to
validate significant differences in the Raman spectra due to
apoptotic or necrotic cell death (Figure 4). The corresponding PC
loading spectra reflected the actual spectral changes due to different
cell death modalities in Saos-2 and SW-1353 cells (Figure 5). As a
result of PCA, Raman spectra of viable and early apoptotic Saos-2

cells exhibited significantly different PC 2 score values. The PC 2
score values represented 11% of the total spectral variances
(Figure 4a). When plotting the score values of Raman spectra of
viable Saos-2 cells and late apoptotic Saos-2 cells, PC 1 score
values, which explained 40% of the total spectral variance, differed
significantly (Figure 4b). Using PC 2 scores, viable Saos-2 cells were
clearly separable from necrotic Saos-2 cells based on their Raman
spectral pattern. Here, PC 2 accounted for 22% of the total spectral
variance (Figure 4c).

Comparable results were observed when performing PCA on the
analogous data of SW-1353 cells. PC 2 score values demonstrated
that the Raman spectra acquired from viable SW-1353 cells differed
significantly from Raman spectra of early apoptotic SW-1353 cells.
These differences in PC 2 score values reflected 13% of the total
spectral variances (Figure 4d). PC 2 score values revealed vast differ-
ences between the spectra of viable and late apoptotic SW-1353 cells.
Here, the explained spectral variance in PC 2 was 32% and indicated
that the spectral differences correlate with the progressing apoptotic
cell death (Figure 4e). Raman spectra of viable and necrotic SW-1353
cells formed two distinct clusters in the scores plot. PC 1 score values
separated these clusters based on 42% of the total spectral variance
(Figure 4f).
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Figure 2 | Raman spectra and fluorescence microscopy of Saos-2 cells. Spectra of (a) viable (Annexin V-FITC/PI") (n = 90), (b) early apoptotic
(Annexin V-FITC*/PI") (n = 87) and (c) late apoptotic (Annexin V-FITC*/PI*) (n = 64) Saos-2 cells. (d) Spectra of heat-induced necrotic Saos-2 cells
(n = 88). Spectral standard deviations are depicted as grey lines. Bright-field (BF) and fluorescence images (left panel) display morphology and Annexin
V/PI staining of single cells. White arrows identify representative cells for each group.
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Figure 3 | Raman spectra and fluorescence microscopy of SW-1353 cells. Spectra of (a) viable (Annexin V-FITC /PI") (n = 90), (b) early apoptotic
(Annexin V-FITC*/PI") (n = 82) and (c) late apoptotic (Annexin V-FITC*/PI*) (n = 74) SW-1353 cells. (d) Heat-treated necrotic SW-1353 cells

(n = 76). Spectral standard deviations are depicted as grey lines. Bright-field (BF) and fluorescence images (left panel) display the cell morphology and
Annexin V/PI staining of single cells. White arrows depict representative cells for each group.
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Figure 4 | Score plots of principal component analysis (PCA). (a—c) Score plots comparing the Raman spectra of viable Saos-2 cells versus (a) early
apoptotic, (b) late apoptotic and (c) necrotic Saos-2 cells. (d—f) Raman spectra of viable SW-1353 cells versus spectra of: (d) early apoptotic (e) late
apoptotic and (f) necrotic Saos-2 cells. Mean score values, standard deviations and p-values of each sample group compared to viable cells are indicated on

the left side of each plot.

Loadings of the PC score values and exhibited the spectral changes
that occurred due to early apoptotic, late apoptotic cell death or
necrosis. Loadings have a spectral dimension, where positive and
negative peaks can be observed. If the original spectrum is assigned
to positive score values, positive peaks in the loadings indicate rising
Raman signals in the original spectra. In contrast, negative loading
bands denote a reduced contribution of the respective signals in the
measured Raman spectra®. In our study, loadings of PC 2 indicated
increasing Raman bands (795 cm™', 1375 cm™') and decreasing sig-
nals (1003 cm™, 1658 cm™") for early apoptotic Saos-2 cells when
compared to viable Saos-2 cells (Figure 5a). When the later stage of
apoptosis was reached, some of these spectral shifts were preserved.
In addition, a reduction of further signals (1047 cm™") was indicative
for late apoptotic Saos-2 cells (Figure 5b). In contrast, loadings of PC
2, which depicted the shifts for Raman spectra of necrotic Saos-2
cells, showed increasing 1003 cm™' signals, decreasing bands
(784 cm™', 1315 cm™!) and a reduced contribution of the broad
band at 1658 cm ™' (Figure 5¢). In the PCA of viable and early apop-
totic SW-1353 cells, PC 2 loadings indicated decreasing signals at
1047 cm™', but an increasing band at 1375 cm™" for early apoptotic
SW-1353 cells (Figure 5d). Compared to viable SW-1353 cells, a

decreasing band at 786 cm™' and an increasing signal at 1437
cm™' were identified in the spectra of late apoptotic SW-1353 cells
based on the PC 2 loadings (Figure 5e). PC 1 loading signals denoted
that several peaks (1003 cm™', 1244 cm™') increased and signals at
1437 cm™', 1658 cm ™' decreased due to necrosis (Figure 5f).

Classification of single cell Raman spectra to predefined cell death
modalities. A SVM model was developed, which enabled the
assignment of Raman spectra according to the categories of cell
death. For the prediction of newly acquired Raman data, it was
shown that SVMs are superior to PCA, since SVMs can handle
different cell types as well as spectra of multiple different
categories®*'. Within this SVM model, classes of Raman spectra
from viable, early and late apoptotic cells as well as necrotic cells
were specified. The SVM algorithm was sufficient to classify
spectra from different cell types. Accordingly, spectra of Saos-2
and SW-1353 cells were pooled. In total, 335 random spectra were
used as training data to generate the SVM. The resulting model
achieved a total training accuracy of 92.8% and a cross validation
accuracy of 91.0%. Independent validation of the SVM model was
achieved by predicting the cell death modalities of 332 Raman
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and (f) necrosis in SW-1353 cells.

spectra that served as testing data. In this validation, all Raman
spectra of viable cells were correctly classified. Spectra of early
apoptotic cells were assigned with an accuracy of 94.3%. The
model assigned several late apoptotic cells to the group of early
apoptosis, which reduced the sensitivity for detecting late apoptosis
to 75.0%. For classifying necrotic cells, a remarkable sensitivity of
94.1% and a specificity of 97.2% were reached. To summarize, the
SVM model exhibited a total sensitivity of 91.4 = 11.2%, a specificity
of 96.2 * 3.0% and a total accuracy of 96.2 *+ 3.3% for identifying
viable cells and the different modalities of cell demise based on
Raman spectra (Table 1).

Discussion

In this study, we demonstrated that Raman microspectroscopy is a
powerful non-contact, non-invasive and marker-free single cell ana-
lysis platform for the identification of apoptotic and necrotic cell
death. The combined analysis of individual Saos-2 and SW-1353 cells
with fluorescence microscopy and Raman spectroscopy enabled a
targeted validation of spectral patterns for early and late apoptotic
cells. Although we have not used different methods for inducing
apoptosis in this study, we proved that exposure to RT was sufficient
to induce apoptosis by measuring caspase activities and apoptosis-
specific fluorescence staining. Progressing apoptosis was reflected by
minor shifts of the Raman spectra at several positions, which was
observed in both cell lines. Heat-treated necrotic cells were charac-
terized by increased protein signals in their Raman profiles, which is
in contrast to apoptotic cells where decreasing protein bands were
observed. Multivariate analysis identified viable, apoptotic and nec-
rotic cells, based on their specific spectral features.

Raman spectroscopy was employed in previous studies to identify
cell death using various cell types including K562 leukemia cells, T-
lymphocytes, gastric carcinoma cells, MEL-28 cells and A549 lung
epithelial cells'>'*"'7*>% In these studies, physical effects, chemother-
apeutics and other pharmaceutical substances were used to induce
variants of cell death events revealing the differing impact on the
cellular molecular constitution'>*>"'7*>%*. All of these studies iden-
tified significant differences in Raman spectra of individual cells
when compared to untreated cells. In our study, two cell lines were
analyzed using the same Raman settings. Instead of using chemical
agents to induce apoptotic or necrotic cell death, we accomplished
RT-induced apoptosis and heat-induced necrosis, and a targeted ana-
lysis of early and late apoptotic cells was performed. PCA score values
of single cell Raman spectra demonstrated that the molecular profiles
of cells in an early apoptotic stage were significantly different to those

of viable cells. The explained variance of the PC 2, which reflects these
significant differences, was similar in both cell lines (11% for Saos-2
cells and 13% for SW-1353 cells). An increasing Raman signal at
1375 cm™' was identified in early apoptotic Annexin V-expressing
Saos-2 and SW-1353 cells. This peak has not been described in dying
cells before, although a Raman signal at 1375 cm™" was previously
found in spectra of peripheral blood cells and isolated chromosomes,
in which highly condensed chromatin structures are known to be
present'"*. Indeed, incipient nuclear condensation was detected in
detaching Annexin V-positive MDKC cells*. In our study, spectral
differences of late apoptotic versus viable cells progressed according
to the stage of apoptosis. The Raman signal at 1375 cm™" increased
further in late apoptotic Saos-2 cells, indicating progression of nuclear
condensation. In SW-1353 cells, the contribution of this band to the
late apoptotic cell stage was less clear. For both cell lines, nucleic
bands at 780-800 cm ™' decreased during apoptosis. It has been sug-
gested before that the decrease of the 780-800 cm™' bands may cor-
relate with the progress of internucleosomal DNA cleavage®. Raman
spectra of late apoptotic Saos-2 and SW-1353 cells featured dimin-
ishing protein signals, which were especially evident at wavenumber
1003 cm™". In late-apoptotic SW-1353 cells, an increased contri-
bution of lipids at 1437 cm™" is exhibited, which is likely to correlate
to reduced protein signals'®. Active intracellular apoptotic proteases
could mediate a decreased contribution of protein signals to these
Raman spectra'. In total, the spectral changes that were detected due
to RT-induced apoptosis in Saos-2 cells and SW-1353 cells were
consistent with other reports where apoptosis was triggered by other
factors'>*'>*°. However, we did not investigate if the treatment had a
different or similar effect on the cellular Raman spectra compared to
treatment with apoptosis-inducing chemical agents. Future studies
should focus on this issue.

Protein peaks (e.g. phenylalanine at 1003 cm™') increased signifi-
cantly in both, necrotic Saos-2 and necrotic SW-1353 cells - a phe-
nomenon that has been previously described in necrotic cells'. This
increase of protein signals in Raman spectra could be triggered by the
necrotic release of nuclear proteins to the cytosol. Conformational
changes of proteins as well as forming protein aggregates, which
occur intracellular due to excessive high temperature exposure,
might further contribute to altered protein signals in Raman spectra
of necrotic Saos-2 and SW-1353 cells. The detected shift in the amide
I signal at 1658 cm™' emphasized the presence of structurally modi-
fied proteins. This signal was identified before in Raman spectra of
dying cells, where necrosis was induced by chemical treatment and
photo degradation'"'. Since both, the increase of the phenylalanine
signal as well as the shift of the amide I signal have been identified as
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‘ Table 1 | Validation of the support vector machine (SYM) model using testing data. The SVM model enables the assessment of cell viability
and cell death modailities in Saos-2 and SW-1353 cells based on Raman spectroscopy. The confusion matrix depicts the number of spectra
that are assigned to each group. Sensitivity, specificity and the total accuracy for the Raman spectral approach are calculated. Annexin V

and P fluorescence staining served as a control method

Cell state determined by fluorescence staining

viable early apoptosis late apoptosis necrosis

Sum of spectra 89 91 68 85
SVM prediction viable 89 0 0 0
early apoptosis 0 87 15 1
late apoptosis 0 3 51 4
necrosis 0 1 2 80

sensitivity [%] 100 96.7 75.0 94.1

specificity [%] 100 93.4 94.1 97.2

total accuracy [%] 100 94.3 92.8 97.9

necrotic hallmarks in cellular Raman spectra before'*'’, we con- microscopy (FLIM) or fluorescence resonance energy transfer

cluded that these spectral shifts were not specific for heat-induced
necrosis, but rather for necrosis in general, although we did not
investigate to which extent such necrotic hallmarks depend on the
method that is used to induce necrosis. Interestingly, in necrotic
Saos-2 and SW-1353 cells an increasing 1375 cm ™' signal may indi-
cate changing chromatin architectures, triggered by the release of the
HGMBI, a chromatin-binding protein that is relocated in necrotic
cells®.

Employing a SVM model showed that based on the Raman spectra
of individual cells, cell viability and apoptotic as well as necrotic cell
death can be assessed with high accuracy, sensitivity and specificity.
This model served as a powerful database for the recognition and
discrimination of the Raman spectra. A similar algorithm showed
best results for classifying Raman spectra of cancerous versus non-
cancerous breast cell lines®. Pyrgiotakis et al. investigated the effects
of different chemical treatments on A549 lung epithelial cells using
Raman spectroscopy and SVM classification'®. When employing
such a model in the future, steps of fluorescence staining and imaging
could be omitted and analysis of newly acquired data could be
attained based on the previously established multivariate model”*.
Then, Raman spectroscopy could facilitate the non-invasive continu-
ous monitoring of drug-induced death signals in single cells, which is
of particular interest for the field of drug development and targeting
many disease scenarios such as tumor progression, Alzheimer’s dis-
ease and autoimmunity. However, in order to transform Raman
microspectroscopy into an online high throughput assay, spectra
acquisition times must be reduced’. Shorter spectra acquisition times
should not impact the specificity of multivariate classifications and
could therefore be employed once classification models are estab-
lished. Cellular Raman imaging has then the potential to provide
novel insights into dynamic intracellular biochemistry. Using
Raman microspectroscopy for cellular imaging, Zoladek et al.
resolved subcellular modifications due to apoptotic cell death®.
Moreover, adaptions of Raman spectroscopic systems have been
accomplished in order to analyze living cells at a single cell level
within minimal sample volumes***>. This could further facilitate
the monitoring of cell death processes in various experimental set-
tings. Importantly, Raman-based assays could potentially allow the
detection of cell viability within rare cell populations, which is
important for tissue engineering and regenerative medicine applica-
tions. Automated cell culture monitoring systems could benefit from
the implementation of Raman spectroscopy as a method to screen
cell viability in real-time**. Raman spectroscopy may offer the
unique possibility to monitor cell death and cytotoxic effects mar-
ker-free within tissues and three-dimensional (3D) environments in
their native, unprocessed state>”. Moreover, in future studies,
Raman spectroscopy could be combined with more advanced fluor-
escence-based techniques, such as fluorescence lifetime imaging

(FRET) - a technology that has been shown to enable real-time
monitoring of caspase-activities in single cells**~*’.

To conclude, we validated single cell Raman spectra of individual
early and late apoptotic as well as necrotic cells in this study. By
combining Raman spectroscopy and fluorescence microscopy,
highly reproducible data sets were generated, which showed specifi-
city for RT-triggered apoptotic and heat-induced primary necrotic
cells. A multivariate classification model successfully identified
viable, RT-induced early and late apoptotic cells as well as heat-
treated necrotic cells based on Raman spectra. This approach shows
the potential of the Raman microspectroscopy, which could facilitate
non-invasive monitoring of drug-induced death scenarios in single
cells.

Methods

Cell culture. Saos-2 cells and SW-1353 cells (both ATCC-LGC Standards GmbH,
Wesel, Germany) were cultured in DMEM/Hams F12 medium supplemented with
10% FBS (Invitrogen, Carlsbad, CA, US) under standard cell culture conditions
(37°C, 5% CO,). Cell numbers were assessed using a CASY cell counter (Schirfe
Systems, Reutlingen, Germany). Trypsin/EDTA (0.05%, Invitrogen) was employed to
detach the cells from the flask, either for passaging, heat shock induction, flow
cytometry or Raman microspectroscopy.

Induction of apoptotic cell death. To induce apoptosis, cells were exposed to room
temperature (20°C) for a period of four to seven days. RT-treated cells were harvested
from the supernatant at different time points for caspase assays, flow cytometry and
Raman spectroscopic analyses.

Induction of primary necrosis. Exposing the cells to non-physiological heat, which
spawns a harsh death stimulus and causes immediate cell death due to protein
denaturation, induced primary necrosis**. Cells were treated with Trypsin/EDTA and
placed into a sterile tube. After centrifugation for 5 minutes at 300 g, the supernatant
was removed and the cells were re-suspended in DMEM/Hams F12 medium. The cell
suspension was then introduced to a 55°C-heated water bath for 90 minutes. The
heat-treated cells were immediately analyzed using Raman microspectroscopy or
stained and analyzed using flow cytometry.

Caspase assay. A Caspase Colometric Protease Assay Sampler Kit (Invitrogen,
Carlsbad, US) was used for colorimetric detection of active caspases 3 and 6. The assay
was performed as recommended by the manufacturer. Total protein concentration
was determined using a Micro BCA Protein Assay Kit (Pierce, Rockford, US). Caspase
assays were performed on cell lysates, which contained 1.5 pg/ul protein of Saos-2
cells and 2 pg/ul protein for SW-1353 cells. Absorption values were measured at
405 nm using a Tecan spectra reader (Tecan, Crailsheim, Germany). Background
absorbance was subtracted from the absorbance values of all samples. Absorbance
values of different experiments were normalized to the absorbance values measured
in either non-treated Saos-2 cells or non-treated SW-1353 cells, which were cultured
under standard conditions (37°C, 5% CO,). The results are provided as relative
enzyme activity. Accordingly, the absorbance values of non-treated control cells (0
days of RT-exposure) refer to relative caspase activities of 1.

Annexin V-FITC/PI-staining. Cells (3 X 10°) were stained using the FITC Annexin
V/Dead Cell Apoptosis Kit (V13242, Invitrogen) according to the manufacturer’s
instructions. Stained cells were diluted in Annexin V-binding buffer (Invitrogen).
Suspended cells were used to perform flow cytometry or Raman microspectroscopy.
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Flow cytometry. Annexin V-FITC/PI-stained cells were analyzed using a BD
FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany). In total 10,000
cells were analyzed per measurement. Data was analyzed using FlowJo 10.0.7 software
(Treestar Inc, Ashland, US).

Raman microspectroscopy. A custom-built Raman microspectroscopy system was
employed for all measurements as previously described®****. The spectroscopic unit
features a 784 nm laser diode (Toptica Photonics AG, Munich, Germany) and a
conventional fluorescence microscope (IX71, Olympus, Hamburg, Germany), which
was equipped with a 60X water immersion objective (NA 1.2, Olympus) and a
conventional mercury vapor lamp to excite fluorescent dyes (U-RFL-T, Olympus).
The laser was focused through the objective, resulting in a spot diameter of
approximately 1 pm. As previously described, when employing this system on
detached cells, the collected Raman signals predominantly reflect molecular bonds of
the cell nuclei””. Both, Raman spectra and fluorescence images of Annexin V-FITC/
PI-staining were recorded of viable, early and late apoptotic as well as necrotic cells.
All cells were suspended in solution as described above. Glass bottom dishes (Greiner
Bio-one, Frickenhausen, Germany) were used for all measurements. Fluorescence of
the Annexin V-FITC and PI staining was visualized using a F-View camera and
Cell"B 2.4 software (both Olympus). The FITC and PI fluorescence channels were
recorded separately. Images were processed using Adobe Photoshop CS3. After
acquiring the fluorescence images, the optical filters were switched to the Raman
measurement mode and the laser beam was focused into the center of an individual
cell. A Raman spectrum of an individual cell was accumulated and assigned according
to the previously acquired Annexin V-FITC/PI image of the same cell. An acquisition
time of 100 seconds with 85 mW laser power were used for each spectrum and cell.
Per treatment and per cell line 20-30 spectra of individual cells were conducted per
experiment. Three independent experiments were performed.

Processing of Raman spectra and multivariate analysis. The raw spectra were
loaded into OPUS software (Opus® 4.2, Bruker Optics, Billerica, MA, USA) to remove
cosmic rays manually and subtract the glass background from every sample spectrum.
The spectra were cut into the range of 600-1800 cm™'. A baseline correction (64-data
point rubber band method, OPUS software) was sufficient to correct background
shifts, as the spectra of Saos-2 and SW-1353 cells were not impaired by intrinsic
fluorescence signals. Details on these processing steps were previously published®***5.
The processed spectra were imported to the Unscrambler software
(Unscrambler®X10.2, CAMO, Oslo, Norway). Vector normalization was performed
on all spectra to correct intensity variations caused by technical effects. Here, for each
single spectrum the absolute intensity values of each wavenumber were normalized to
the total intensity of the same spectrum. Spectral intensities were divided by a vector
that constitutes the length of the spectrum®. Vector-normalized spectra were
comparable in their total intensity. Signal intensities are provided as relative values in
arbitrary units [a.u.]*. After vector-normalization, the relative intensities between
two sample groups were analyzed®. Background-corrected and vector-normalized
Raman spectra were used for all further analyses.

Each spectrum was assigned to one of the following categories: viable, early
apoptotic, late apoptotic and necrotic. Successive PCAs were calculated as described
before®**** in order to visualize the spectral differences between viable cells and either
early apoptotic, late apoptotic or necrotic cells.

The Unscrambler®X10.2 software was used to calculate a SVM model, as described
previously”’. The software-implemented SVM algorithm allowed a multi-class clas-
sification®. The spectral wavenumbers 600-1800 cm ™' were used as an input for the
SVM. Based on the training data set, a v-SVM model with a linear kernel type and a v-
value of 0.5 was computed. The training data set consisted of 90 spectra of viable cells,
90 spectra of early apoptotic cells, 69 spectra of late apoptotic cells and 86 spectra of
necrotic cells (335 spectra total). Cross validation using 10 cross validation segments
was employed. A total cross validation accuracy of 91.04% was reached. To estimate
the performance of the model, a new data set (=testing data) was predicted with the
SVM model. This testing data included a total number of 332 spectra. Based on the
results for the testing data, sensitivity, specificity and accuracy of the SVM model were
analyzed for each category.

Statistical analysis. Vector-normalized Raman spectra are presented as mean *
standard deviation. Significance analysis was employed to compare relative spectral
intensities at single wavenumbers as well as PC score values of spectra using
OriginPro 9.0.0G (OriginLab Corporation, Northampton, MA, USA). Prior to
significance tests, normality distribution of data sets was tested using Kolmogorov-
Smirnov test. All investigated data sets were normality distributed. Statistical
significance was determined by Fisher’s analysis of variance (ANOVA). P-values less
than 0.05 (p < 0.05) were defined as statistically significant.
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